Terahertz radiation (a.k.a. T-ray) has emerged as a powerful inspection technique in recent years. It extends into the lower region of far-infrared in the electromagnetic spectrum, and has been proven very effective in many NDE applications. T-ray is particularly useful in some areas where accessibility is difficult or even not possible for other conventional NDE methods. Here we report a modeling effort of T-ray signal in one such application: the detection of "hidden delamination", a special situation that a delamination was shadowed by another. This special case was experimentally simulated by two parallel saw-cuts in glass composites. In this paper, we also explore the feasibility of combing T-ray and Fourier transform infrared spectroscopy using a unified least-squares scheme for material characterization. Published by the American Institute of Physics.
INTRODUCTION
Recently, Terahertz radiation (hereafter denoted as T-ray) has become a powerful NDE technique for inspection and material characterization (see, e.g. [1] ). T-ray fills the "gap" in the lower far-infrared region of the electromagnetic spectrum, and complements existing techniques in higher frequency regions such as the Fourier transform infrared spectroscopy (FTIR). It is particularly effective in some areas where accessibility is difficult or even not possible for other conventional NDE methods. In these areas, modeling allows us to evaluate those problematic situations much more cost-effectively. Here we report a modeling effort of T-ray signals in several cases of "hidden delamination", where a delamination was shielded by another. This hidden delamination was experimentally simulated by two parallel saw-cut slots made into a glass fiber reinforced polyester (GFRP) plate. T-ray has also shown great potential in characterizing electromagnetic properties of materials. In this paper, we assess the feasibility of combing T-ray and FTIR using a unified least-squares scheme for material property inversion. Fig. 1 shows the T-ray reflection scan of a GFRP plate, in which multiple circular saw cuts were made into the side of the plate to simulate delaminations (Fig. 1) . For the double saw cuts on the left-hand side (Figs. 1b and 1c) , we can see that the lower 4" cut would be "hidden" by the upper 5" cut ultrasonically, since ultrasound, as a mechanical wave, cannot get pass the air gap of the upper cut. However, T-ray, as an electromagnetic radiation, can "see through" both saw cuts quite clearly as demonstrated in the C-scan image of Fig. 2 in transmission mode.
MODELING T-RAY SIGNALS THROUGH "HIDDEN DELAMINATION"
To theoretically validate this finding as well as to build up our T-ray modeling capability, we have developed a simple measurement model. Following the same procedure as was described in [2] , the signal spectrum can be expressed as a product of individual components in the frequency domain. In the case of T-ray propagation through the glass composite plate, its signal spectrum Γ GC reads: (1) Γ air (f) in Eq. (1) carries the T-ray system response via a separate thru-air measurement using exactly the same setup, L plate is the plate thickness, and T(f) is the transmission coefficient. For the ½ inch plate thickness, T(f) can be approximated by the plane-wave half-space transmission coefficients: (2) The intrinsic impedance η GC relates to material properties of the GFRP, namely, relative permeability μ r and relative permittivity ε r via (3) For non-magnetic materials, μ r~1 and the overall ε r can be determined by where c is the speed of light and Δt is the time-of-flight difference between the thru-air and thru-plate measurements. Lastly, α(f) denotes the attenuation constant, which can be characterized by re-arranging Eq. (1) and making use of a simple Wiener deconvolution:
in which D is a damping (smoothing) factor relating to signal-to-noise ratio. Fig. 3 plots the attenuation constant α as a function of frequency within the range by using a damping factor 0.001 in Eq. (5). After all unknowns are determined, Eq. (1) is readily to be extended for further modeling use. In the "hidden" delamination case, two kinds of signals are of interest. One was generated from propagating T-ray through the main areas (away from the edges) of the saw-cut, and the other was obtained by "splitting" the T-ray beam at the edge of the sawcut, i.e. some portion of the beam traveling inside of the cut and some other outside the cut. Here we present two examples for the double saw-cut geometry, one for each kind of signal. For the former, we consider the case that the entire beam passes through both the top and the bottom saw-cuts. For the latter, we study the situation where the whole beam passes though the top cut but is split at the edge of the bottom cut. 
In the former case, the beam path of attenuation needs to be reduced by 2L cut to account for the "emptiness" (air gap) within the two saw-cuts. As such, Eq. (1) is modified to be: (6) Note that the transmission coefficient term is also raised to third power to account for the six GFRP-air interfaces. Figs. 4a through 4d illustrate the geometry of beam path, the corresponding location (marked by an X) in C-scan image that the experimental waveform was sampled, and the experimental vs. model signal spectrum and waveform. As can be seen between Figs. 4c and 4d, experimental data and model prediction are in quite good agreement.
The beam splitting situation causes phase cancellation (and hence signal drop) around the edges of all three circular saw-cuts (the two double cuts on the left-hand side and the single one on the right). The signal drop can be clearly seen as dark rings around the cut edges in the C-scan image of Fig. 2 . The phase cancellation is largely originated from the speed difference between T-ray propagating in the air gap within the saw-cuts and that in the GFRP. When these two signals rejoin on the same transmission path, their phases (delayed by different travel speeds) partially cancel each other, resulting in a distorted and weaker return signal (Fig. 5d ). This phenomenon has been known since T-ray was introduced to detect flaws in space shuttle's spray-on form insulation structure [1, 3] , and has been modeled by employing a much more sophisticated technique [4] . Considering all the physics as mentioned above, we can approximated the spectrum in this situation by simply taking average of both wave components traveling inside and out of the bottom cut:
The inside component has the same expressions as in Eq. (6) plus an exponential phase term to account for the time delay in the bottom cut. For the outside component, the path of attenuation is only reduced by one L cut and transmission coefficient takes only second power for just four GFRP-air interfaces. Figs 5a-5d show similar beam path, spectrum, waveform, etc. to those in Figs. 4a-4d . Again, without getting into complicate beam calculations, our simple measurement model produces very good agreement with the experiment for the not so simple beam splitting situation.
SIMULATION OF FTIR PROPERTIES INVERSION
FTIR techniques for material characterization have been well established [5] . However, similar work in the T-ray frequency region was just being developed recently. Here we conducted an extensive simulation study to assess the feasibility of unifying both FTIR and T-ray in a common least-squares inversion scheme. The initial effort was to simulate FTIR reflection from an air-dielectric interface at oblique incidence and to determine the dielectric's electromagnetic properties such as the refractive index by using the reflection data taken at various incident angles. With sufficient thickness, the dielectric can be considered as a half-space medium. A simple uniform plane-wave model 
Beam path
Beam path was then developed for such configuration involving the Fresnel equations. For an unpolarized infrared source, the irradiance (intensity) of the reflected wave consists of both parallel polarization (TM mode) and perpendicular polarization (TE mode) components as functions of both the refractive index n d and the incident angle θ:
in which the Fresnel reflection coefficients R TM and R TE are of the form (with the air refractive index taken as unity implicitly) [5] (9)
We assume a "well mixed" unpolarized source so that A TE =A TM in Eq. (8).
Eq. (9) predicts that the absolute amplitudes of both R TM and R TE drop near the Brewster angle at 56.3 o and approach unity at grazing angle 90 o . Here the refractive index n d is taken to be complex: n d = n r +i . n i in which n r is the lossless refractive index and n i is the extinction coefficient. For glass in both cases, n r = 1.5, and a value of 0.3 is used for n i in the lossy case.
In order to remove the dependence of A TE and A TM in Eq. (8), we normalize all reflected irradiance I r (n d , θ) by that at 5 o incident angle. This 5 o angle is chosen to match with the configuration in the experiment where 5 o is the closest possible to normal incidence. The normalized irradiances for both lossless and lossy cases remain constant at lower angle and increases rapidly approaching grazing angle.
To determine the electromagnetic properties of a dielectric like the lossless refractive index n r and the extinction coefficient n i here, a nonlinear least squares fitting procedure was formulated. A least squares sum S(n r ,n i ) can be formed between N sets of theoretical I r (θ j , n r , n i ) (Eq. (8)) and the corresponding experimental data I r '(θ j , n r , n i ) measured at the N incident angle θ i :
(10) the best fitted solutions for n r and n i can then be found by iteratively minimizing S(n r ,n i ) with an initial guess.
In this study, we simulated the experimental data I r '(θ j , n r , n i ) by adding different levels of "noises" to the theoretical I r (θ j , n r , n i ). The "noises" were obtained from a uniform distribution using a numerical random number generator. A total of 8 data sets from 15 o to 85 o at the increment of 10 o were used in the least squares sum (Eq. (10)). We again considered the case of lossy glass with n r =1.5 and n i =0.3. For the minimization 
software, we utilized a Fortran90 update of the original MINPACK-1 [6] , which implemented a modified version of the popular Levenberg-Marquardt method.
Extensive numerical experiments at several controlled noise amplitude ranges were conducted. At each noise amplitude range, a total of 100 runs were made. For each run, renewed noise values were added to the theoretical I r (θ j , n r , n i ) and the minimization procedure was executed 5 times, each time with a different initial guess. Figs 6 and 7 depict the deviation of the best-fit solutions from the true values of n r and n i vs. the several rootmean-square (RMS) noise levels. It is clear that the simulation results are quite stable, showing small deviations at linear increase with nose level. At RMS noise level nearly 0.5 which is 50% of the irradiance amplitude of lower angle data sets, the average of the worst deviations from the true extinction coefficient n i at 0.3 is only 30%. The performance of MINPACK-1 minimization routine is also exceptional: for 90% of the 100 runs at each noise level, all 5 initial guesses converged to the same best-fit solutions, and for the remaining 10% runs, at least 4 initial guesses converged.
This FTIR inversion procedure has been tested on a family of ceramic materials related to zirconium dioxide with reasonable accurate results. We are currently extending this inversion procedure to T-ray frequency range and testing with simulated data. The ultimate goal is to develop a unified approach of connecting T-ray with FTIR in the farinfrared region of electromagnetic spectrum. We will seek for common grounds between these two techniques in many aspects, including governing physics, data processing and fusion methods. 
